background: In mammals, the reproductive tract plays a crucial role in the success of early reproductive events and provides an optimal microenvironment for early embryonic development. However, changes in the reproductive tract environment associated with controlled ovarian hyperstimulation and the influence on the embryo transcriptome profile have not been investigated. Therefore, we investigated differences in the development rate and the transcriptome profile of bovine blastocysts developing in the reproductive tract of unstimulated or superovulated heifers.
Introduction
Controlled ovarian hyperstimulation (COH) is a routine procedure utilized in assisted reproduction to stimulate the growth of multiple follicles in naturally single-ovulating species, including cattle and humans. In cattle, in order to increase the number of offspring during the lifetime of individual animals, females of high genetic merit are typically stimulated with gonadotrophins to induce the ovulation of a variable but a large number of follicles (hence the routine use of the term 'ovulation induction' in domestic species, as ovulation actually takes place). These embryo 'donors' are then artificially inseminated with semen from a high genetic merit sire and the resulting embryos are non-surgically flushed from the uterus on Day 7 for transfer to surrogate recipients or for cryopreservation and transfer at a later date (see Lonergan and Boland, 2011, for review) . Similarly, women undergoing IVF treatment undergo COH to induce the development of multiple dominant follicles. In contrast to cattle, multiple mature oocytes are recovered by transvaginal follicle aspiration just prior to ovulation, inseminated in vitro with partner/donor sperm and then, in contrast to cattle, because of the very different objectives, embryos are transferred back to the same women, often in the same cycle. Thus, although the objective of producing multiple mature oocytes is the same, the term 'ovulation induction' is inappropriate in routine human IVF, as ovulation does not take place. Therefore, although in cattle embryos are transferred into a synchronized recipient animal with a normal endocrine profile, in humans the embryo(s) is routinely transferred into an endocrinologically abnormal uterine environment associated with controlled ovarian stimulation.
Despite significant advances in assisted reproduction technology (ART) protocols in humans, pregnancy rates are still relatively low and have not increased significantly in the last decade (Andersen et al., 2007) . Similarly, in cattle, despite constant refinement of ovulation induction protocols, mainly driven by more efficient management demands, embryo yield per superovulated donor has not changed significantly (Bó et al., 2008) . The yield and the quality of embryos produced following ovulation induction of cattle are highly variable and may be affected either through effects on the oocyte during follicular growth (Sirard et al., 2006) or directly during embryo development in the oviduct and/or uterus (Killian, 2004; Looney and Pryor, 2010) . It is clear that oocytes and embryos in superovulated animals develop under abnormal endocrine conditions, which differ substantially from those in unstimulated (i.e. singleovulating) animals, and that they may exhibit a reduced developmental potential (Greve and Callesen, 2001) . Previous studies in mice have shown that COH procedures can result in delayed embryo development, decreased implantation and increased post-implantation loss Storeng, 1992, 2001) . Similarly, Van der Auwera and Hooghe (2001) reported delayed blastocyst formation, increased incidence of zona lysis and blastocyst collapse of embryos derived from stimulated mice compared with naturally cycling controls. In rabbits, embryos removed from superovulated donors at the 1-cell stage and immediately transferred to unstimulated recipients tended to have higher cell numbers than embryos residing continuously in superovulated animals (Carney and Foote, 1990) .
The oviduct and the fluid contained in it provide a beneficial environment for gamete maturation, gamete transportation, fertilization and early embryonic development. These events are key processes in mammalian reproduction and are under the control of steroids (Murray et al., 1995) and prostaglandins (PGs; Lim et al., 1997) . Studies in mice and humans have shown that COH can lead to incorrect genomic imprinting and decreased embryo quality (Rossignol et al., 2006; Fauque et al., 2007; Sato et al., 2007) , suggesting that ovarian hormonal stimulation may affect embryo development and gene expression in many different ways. In addition, an increase in chromosomal abnormalities has been reported in human embryos after conventional stimulation, mainly resulting from an increased incidence of chromosome segregation errors during the first embryonic divisions, and abnormalities were lowest in embryos which divided within the expected time frame (Baart et al., 2009) .
Development of transvaginal endoscopy in cattle (Besenfelder et al., 2001 (Besenfelder et al., , 2008 has allowed unrivalled access to the bovine oviduct for the recovery and/or transfer of embryos at different developmental stages and offers an excellent tool for studying the early kinetics of embryo development as well as the effects of hormonal stimulation on embryo physiology. As a result of progress in optimization of this non-surgical endoscopic access to the oviduct, there has been a steady increase in the pregnancy rate after transfer of early cleavagestage embryos to the oviduct .
To our knowledge, the changes in the oviduct and uterine environment related to hormonal treatments and subsequent influence on the transcriptome profile of embryos have not been investigated. It is well known that COH leads to deviant oocyte maturation in the follicle (Hyttel et al., 1989) as well as an abnormal endocrine environment in the reproductive tract. Therefore, this study aimed to separate these two processes and examine the effect of an abnormal endocrine environment on embryo development to Day 7 and its influence on the blastocyst transcriptome. To do this, a state-of-the-art nonsurgical endoscopy method was used to recover 2-4-cell stage embryos from superovulated donors and transfer them to nonstimulated single-ovulating recipients. The proportion of embryos that developed to the blastocyst stage and the transcriptome of the resulting blastocysts were compared between groups. These data have relevance not only for cattle embryo production but also for assisted human reproduction where oocytes derived from women undergoing COH are routinely replaced in the uterus of the same women during the same cycle, in contrast to the situation in cattle, where transfer to unstimulated surrogate recipients is the norm. This relevance is highlighted by the fact that high-quality embryos transferred into women who are acting as surrogate mothers have a higher likelihood of implanting than if they are transferred back into the donors (Check et al., 1992; Stafford-Bell and Copeland, 2001 ).
Materials and Methods

Animals for embryo collection
All experimental animals were handled according to the animal protection law of Germany. Simmental heifers (n ¼ 23) aged between 15 and 20 months and weighing between 380 and 500 kg were used in this study. All animals were kept under identical farm conditions within the same herd. A total of 19 heifers were superovulated using FSH (see below) and artificially inseminated three times with the same frozen-thawed commercial bull semen. Nine animals were flushed by endoscopy at Day 2 to recover 2 -4-cell stage embryos which were then transferred (in groups of 25 -50) to the ipsilateral oviduct of four unstimulated (i.e. single-ovulating) synchronized recipients by endoscopic tubal transfer. The remaining 10 superovulated heifers were not flushed until Day 7. At Day 7, all animals were non-surgically flushed to collect bovine embryos which have thus developed either in a superovulated or an unstimulated environment. The overall experimental design is indicated in Fig. 1 .
Hormonal treatment
Pre-synchronization was performed by i.m. administration of 500 mg of cloprostenol (PGF2a, Estrumatew; Essex Tierarznei, Munich, Germany) twice within 11 days. Two days after each of the PGF2a treatments animals received 10 mg of GnRH (Receptalw; Intervet, Boxmeer, the Netherlands). Twelve days after the last GnRH injection, heifers received the first of eight consecutive FSH-injections over 4 days in decreasing doses (in total 300 -400 mg of FSH equivalent according to the body weight; Stimufol, University of Liege, Belgium). Two PGF2a treatments were performed 60 and 72 h after the initial FSH injection. Finally, 48 h after the first PGF2a application, ovulation was induced by simultaneous administration of 10 mg of GnRH with the first of a total of three artificial inseminations within a 12-h interval. The time of the second insemination (60 h after the first PGF2a application) was defined as Day 0 (D0). The estrous cycles of recipient animals were synchronized as mentioned above, but were not inseminated.
Blood sampling and progesterone assay
Daily blood samples were collected from each animal from Day 1 until the day of embryo recovery (D7) by jugular venipuncture. Following collection, blood samples were refrigerated at 48C for 12 -24 h before being centrifuged at 1500g at 48C for 20 min. Serum was separated and stored at 2208C until assayed to determine progesterone concentration by timeresolved fluoroimmunoassay using an AutoDELFIA TM Progesterone kit (Perkin Elmer, Wallac Oy, Turku, Finland). The sensitivity of the assay was 0.01 ng/ml.
Collection of embryos at 2-4-cell stage
Embryos at the 2 -4-cell stage were collected 48 -54 h after the expected onset of ovulation (D0). Flushing was accomplished as described previously (Besenfelder et al., 2001) . Briefly, after restraining the recipients, administering 5 ml of a 2% lidocaine solution (Xylanest purum1, Richter Pharma, Wels, Austria) for epidural anesthesia and disinfecting the vulva (Octenisept1, Schy¨lke/Mayer, Vienna, Austria), a trocar set consisting of an universal metal tube (12.5 mm _ 52 cm, Storz, Vienna, Austria) and an atraumatic mandrin was placed caudodorsal of the fornix vagina. The mandrin was replaced by a sharp trocar, and the trocar set was inserted through the vaginal wall into the peritoneal cavity. The trocar was replaced by a shaft bearing the endoscope (5.5 mm forward Hopkins endoscope; Storz) and the transfer system. The site was illuminated by a fiberoptic cold light (250 W, Storz) and visualized with a camera (Telecam PAL-Endovision, Storz) connected to a monitor.
The flushing system consisted of a 20-ml syringe connected to a perfusor tube (No. 08272514; Braun, Melsungen, Germany) and a metal tube (14 cm × 2.5 mm) with numerous lateral holes covered by a silicon tube. Thus, after the metal tube was inserted via the infundibulum into the ampulla, the careful management of the flushing pressure allowed the balanced adjustment of tubal sealing to avoid medium reflux. Oviducts were flushed with 50 ml flushing medium (phosphate-buffered saline supplemented with 1% fetal calf serum). Flushing medium ( 50 ml) was forced through the uterotubal junction into the uterine horn and from there was collected via the uterus flushing catheter (CH15, Wö rrlein, Ansbach, Germany) into an embryo filter (Emcon filter w , No. 04135; Immuno Systems Inc., Spring Valley, WI, USA).
Tubal transfer of 2 -4-cell stage embryos
Tubal transfer was performed as described previously (Besenfelder and Brem, 1998) by transvaginal endoscopy. Briefly, after getting access into the peritoneal cavity (described above), the glass capillary of the transfer system, consisting of a 1-ml syringe attached to a perfusor tube (no. 08272514, Braun) and a glass capillary (Transferpettor Caps1, 100 -200 ml, no. 701910; Brandt, Wertheim, Germany) which was crosier shaped at the tip, was filled with embryos (n ¼ 25 -50), and the contents were transferred into the oviduct ipsilateral to the corpus luteum with as little as 100 ml medium.
Embryo recovery at Day 7
The embryos were collected on Day 7 after insemination. Access into the peritoneal cavity and endoscopic tubal flushing was performed in the same way as described above for flushing of 2 -4-cell stage embryos. Following flushing of the oviduct toward the uterus, the uterus was flushed nonsurgically as described above. Ovarian stimulation and embryo gene expression RNA isolation and biotin labeled cRNA synthesis Total RNA extraction from blastocysts was performed at two different time points during the whole experiment: (i) a total of six pools (three from superovulated and three from unstimulated heifers; each with five blastocysts) were used for array hybridization after amplification, and (ii) a total of six pools (three from superovulated and three from unstimulated heifers; each with five blastocysts) were used for quantitative real-time PCR validation of array results. In all cases, total RNA isolation was performed using the PicoPure TM RNA Isolation Kit (Arcturs, Munich, Germany) according to the manufacturer's instruction. Genomic DNA contamination was removed by performing on-column DNA digestion using RNase-free DNase (Qiagen GmbH, Hilden, Germany). The concentration (ng/ml) and the quality of the extracted total RNA were assessed using the Nanodrop 8000 spectrophotometer (Biotechnology GMBH, Erlangen, Germany). RNA integrity was evaluated using the Agilent 2100 Bioanalyzer with RNA 6000 Nano LabChip w Kit (Agilent Technologies Inc., CA, USA). Two rounds of RNA amplification were performed as described in the GeneChip w Expression Analysis Technical Manual using 100 ng of total RNA as a starting material. After cDNA synthesis in the first cycle, an unlabeled ribonucleotide mix was used in the first cycle of in-vitro transcription (IVT) amplification using MEGAscript w T7 Kit (Ambion, Inc., Austin, TX, USA). The unlabeled cRNA was then cleaned using GeneChip w IVT cRNA Cleanup Kit (Affymetrix, Inc., Santa Clara, CA, USA) and reverse transcribed in the first-strand cDNA synthesis step of the second cycle using random primers. Subsequently, the T7-Oligo(dT) Promoter Primer was used in the second-strand cDNA synthesis to generate double-stranded cDNA template containing T7 promoter sequences. The resulting doublestranded cDNA was then amplified and labeled using a biotinylated nucleotide analog/ribonucleotide mix in the second IVT reaction using GeneChip IVT Labeling Kit (Affymetrix, Inc.). The biotin labeled cRNA was fragmented and analyzed in the Bioanalyzer. The success of fragmentation was evaluated by the RNA peaks in the Bioanalyzer.
Affymetrix array hybridization and scanning
A Bovine Genome GeneChip 100 Format Array was used for hybridization. For this, a hybridization cocktail consisting of fragmented and labeled cRNA (15 mg), control oligonucleotide B2 (3 nM), 20× eukaryotic hybridization controls (bioB, bioC, bioD, cre), 2× hybridization mix, dimethylsulfoxide and RNAse-free water was mixed to a final volume of 200 ml and heated to 998C for 5 min followed by warming at 458C for 5 min. The samples were then hybridized to the Affymetrix GeneChip Bovine Genome Array consisting of 24 128 probe sets. Hybridization was performed for 16 h. 
′ hybridizations were performed. The arrays were washed and stained using the Fluidics Station 450/250 and scanned using the GeneChip w scanner 3000 integrated with Affymetrix w Microarray Suitesoftware.
Affymetrix data analysis
The microarray data normalization and background correction were performed using Guanine Cytosine Robust Multi-Array Analysis as described previously (Vardhanabhuti et al., 2006) . The quality of the arrays after hybridization was assessed by the absent and present calls of the control probe sets. Differentially expressed genes (DEGs) were obtained using Linear Models for Microarray Data Analysis (Smyth, 2005) . The differentially regulated genes were selected based on P , 0.05, fold changes . 2 and false discovery rate (FDR) ≤ 0.3. The raw data have been submitted to Gene Expression Omnibus under series GSE21030.
Pathways and networks analysis
A list of the DEGs was uploaded into the Ingenuity Pathway Analysis (IPA) software (Ingenuity Systems, www.ingenuity.com) to identify relationships between the genes of interest and to uncover common processes and pathways. Networks of the genes were then algorithmically generated based on their connectivity. The 'Functional Analysis' tool of the IPA software was used to identify the biological functions that were most significant to the data set. Canonical pathway analysis was also utilized to identify the pathways from the IPA library of canonical pathways that were most significant to the data set. Fisher's exact test was used to calculate a P-value determining the probability that each biological function or canonical pathway assigned to the data set was because of chance alone. In addition, the significance of the association between the data set and the canonical pathway was calculated as the ratio of the number of genes from the data set that mapped to the pathway divided by the total number of genes that mapped to the canonical pathway.
Validation of results using quantitative real-time PCR
Sequence-specific primers (Table I) were designed using Primer Express v 2.0 (Applied Biosystems, Foster City, CA, USA). For each primer, a serial dilution of 10 1 -10 9 copy number of molecules was prepared from the plasmid DNA. Quantitative real-time PCR was performed using cDNA samples from three independent biological replicates of each blastocyst group in addition to the samples used for array analysis. The cDNA synthesized from blastocyst samples was subjected to real-time PCR using GAPDH to test for any variation in the expression of this internal control gene. After confirming that there were no differences in the relative abundance of GAPDH between samples, all transcripts were quantified using independent real-time PCR runs. The PCR was performed in a 20-ml reaction volume containing iTaq SYBR Green Supermix with ROX (Bio-Rad Laboratories, Munich, Germany), the cDNA samples and the specific forward and reverse primer in ABI PRISMw 7000 sequence detection system instrument (Applied Biosystems). The thermal cycling parameter was set as 958C for 3 min, 40 cycles of 15 s at 958C and 45 s at 608C. Final quantitative analysis was carried out using the relative standard curve method, and results were reported as the relative expression after normalization of the transcript amount relative to the endogenous control.
Statistical analysis
Data were analyzed using the Statistical Analysis System (SAS) version 8.0 (SAS Institute Inc., Cary, NC, USA) software package. Developmental rates of embryos were analyzed by x 2 -test. The relative expression data were analyzed using General Linear Model of SAS. Differences in mean values were tested using analysis of variance followed by a multiple pairwise comparison using t-test. Differences of P ≤ 0.05 were considered to be significant.
Results
Embryo recovery and development
In superovulated heifers (n ¼ 10), the overall embryo recovery rate following non-surgical flushing on Day 7 was 78% [calculated based on number of copora lutea (CL)] with a mean of 14.5 structures recovered per donor. Of these flushed embryos, 68.3% had developed to the morula or blastocyst stage (Table II) . Heifers (n ¼ 9) flushed at Day 2 delivered a total of 177 embryos; 164 of these embryos were transferred by endoscopy to the oviducts of four synchronized unstimulated recipients, whereas 13 embryos were Ovarian stimulation and embryo gene expression discarded owing to retarded development. Following non-surgical flushing on Day 7, 146 embryos (89%) were recovered of which 76 (52.1%) were of transferable quality. Based on the number of heifers which had been superovulated initially, the mean embryo number per heifer was 16.2. Based on the estimated total number of CL (174) of the superovulated heifers (n ¼ 9), the recovery rate was 84%. The percentage of embryos which developed to the morula or blastocyst stage was higher (P , 0.05) when cultured in superovulated heifers compared with unstimulated heifers (68.3 versus 52.1%). However, significantly more embryos developed to the blastocyst stage in the unstimulated heifers compared with those developing in superovulated heifers (33.6 versus 22.1%). The developmental rate of the embryos (defined as the blastocyst:morula ratio) was significantly higher (P , 0.05) in unstimulated heifers compared with superovulated heifers (1.81 versus 0.48; Table II) .
Circulating progesterone profile
The progesterone profiles of the superovulated and unstimulated heifers are shown in Fig. 2 . The mean progesterone concentration from Days 1 to 6 was 11.37 + 1.3 and 0.62 + 0.11 ng/ml in the superovulated and unstimulated heifers, respectively. The progesterone concentrations diverged significantly from Day 1 onward between the two groups (P , 0.01).
Blastocyst transcriptome profile
The microarray data analysis revealed a total of 454 DEGs (with P , 0.05, fold change ≥ 2 and FDR ≤ 0.3) between the two groups of blastocysts (Supplementary data, Table SI ). From these, 429 genes were highly abundant in blastocysts derived from superovulated heifers and 25 were more abundant in blastocysts derived from unstimulated recipients. The overall expression pattern of the differentially regulated genes in all hybridizations and the hierarchical clustering are indicated in Fig. 3a . The most highly abundant genes (with fold change ≥ 8) in the blastocysts derived from superovulated heifers included HSPA14, ZNF238, PTGES3, HSPE1, IFT122, RPS17, CPSF3, POLR2F, SLC30A5 and TMEM184B. Blastocysts derived from unstimulated heifers were enriched with genes such as CLGN, FUT1, MGC and CHMP1B (Fig. 3b) .
Biological functions, canonical pathways and gene networks identified
Of the 454 DEGs, 333 could be assigned to a specific functional group based on the information in the IPA. A large proportion of the DEGs (40%) which were enriched in the blastocysts derived from superovulated heifers fell into functional categories related to metabolic processes including carbohydrate, lipid, nucleic acid, amino acid, vitamin and mineral metabolism. Other functional categories, including protein synthesis, RNA post-transcriptional modification, gene expression, cell-to-cell signalling, energy production and molecular transport, were also overrepresented in the same blastocyst group. A graphical representation of this functional classification of the genes overexpressed in blastocysts derived from superovulated heifers is shown in Fig. 4 , in which the 13 functional groups with the lowest P-values (P ≤ 0.05) are highlighted. The genes classified into each of these groups are listed in Table III . In addition, the IPA assigned 57 of the DEGs to five different canonical pathways. The Figure 4 Functional grouping of DEGs in the two blastocysts groups (derived from superovulated or unstimulated heifers) using Ingenuity Pathways Analysis software. The most significant functional groups (P , 0.05) are presented graphically. The bars represent the P-value on a logarithmic scale for each functional group. The numbers on each bar represent the number of DEGs involved in each function.
Ovarian stimulation and embryo gene expression five selected pathways had ratios (proportion of DEGs involved in the pathway out of the total genes of this pathway) ranging from 5 to 16% and P , 0.05 (Fig. 5) . The genes assigned to these pathways are presented in Table IV . Interestingly, the oxidative phosphorylation pathway was the dominant pathway, and all DEGs (26 genes) involved in this pathway were highly abundant in the blastocysts derived from superovulated heifers compared with those derived from unstimulated heifers (Table V) . These genes can be classified into four main 
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a Numbers in the P-value column showed a range of P-values for the genes from each category.
Figure 5
The most prominent canonical pathways related to the data set (P , 0.05). The bars represent the P-value for each pathway. The orange irregular line is a graph of the ratio (genes from the data set/total number of genes involved in the pathway) for the different pathways.
categories: NADH dehydrogenase, cytochrome c reductase, cytochrome c oxidase and ATP synthase, representing four out of the five protein complexes involved in the electron transport and oxidative phosphorylation pathway (Fig. 6) .
Finally, the DEGs in our data set were mapped onto 17 networks, each containing 8-29 genes that shared direct or indirect relationships. The transcripts involved in each network and the top functions for each network are presented in Supplementary data, example of networks created from our data is shown in Fig. 7 . In this network, the relationships between molecules overexpressed in the blastocysts derived from superovulated heifers and involved in cytochrome c reductase (Complex III in the oxidative phosphorylation pathway) are represented by arrows. DEGs involved in the four protein complexes of the oxidative phosphorylation pathway were mapped in four different networks (Networks 2, 7, 12 and 14; Supplementary data, Table SII ).
Validation of microarray results
Quantitative real-time PCR validation on an independent group of blastocysts in addition to that used for the microarray analysis confirmed the expression profile of 79% (11 of 14) of the selected genes (Fig. 8) . The expression of nine up-regulated genes (MDH2, HSPE1, COX7B, ALDH7A1, POMP, ATPIF1, HSPA14, COX5A and CDC2) and two down-regulated genes (PNRC2 and CLGN) was found to be significantly different between blastocysts derived from superovulated heifers and those derived from unstimulated heifers. The expression of TEMTM was not different between the two groups, and the expression of KRT18 and CPSF3 showed a different pattern than the microarray results with no significant differences.
Discussion
The majority of spontaneous human conceptions do not result in a live birth; the maximal chance of achieving successful implantation is 40% per cycle, and this rate declines with age (Ferrara et al., 2002; Achard et al., 2005) . Similarly, in cattle despite high fertilization rates following artificial insemination (.90%), calving rates to a single insemination are 55-60% indicating embryonic mortality of 30 -40%. The majority of this loss is believed to occur prior to the maternal recognition of pregnancy at Day 16 Diskin and Morris, 2008) and is likely to the result of a combination of poor embryo quality and suboptimal reproductive tract environment (Lonergan, 2009) .
We have previously demonstrated that the post-fertilization culture environment of the bovine embryos can significantly alter the quality of the resulting blastocysts, assessed in terms of morphology, cryotolerance and the expression of key candidate genes (Rizos et al., 2002; Lonergan et al., 2003) . In particular, culture of in vitro-derived bovine zygotes in vivo in the sheep (Enright et al., 2000; Rizos et al., 2002) or bovine (Tesfaye et al., 2007) oviduct significantly improves the quality of the resulting blastocysts.
Under normal conditions, the oviduct provides the ideal environment for sperm transportation and final capacitation, mature oocyte transportation and fertilization and supports the development of early mammalian embryos. The modification of oviductal conditions and/or composition of oviduct fluid caused by ovarian steroids subsequently affects the embryonic developmental competence during these critical processes (Murray et al., 1995) . Thus, understanding the molecular changes that occur in preimplantation embryos because of changes in the female reproductive tract environment is fundamental to improve pregnancy rates using ART.
In humans, the luteal phase of all stimulated IVF cycles is abnormal (see review by Fatemi, 2009 ). The supra-physiological concentrations of steroids associated with the development of multiple dominant follicles during the early luteal phase seems to be the main cause of the so-called luteal phase defect in stimulated cycles in women undergoing IVF, and this in turn directly inhibits LH release via negative feedback actions at the hypothalamic -pituitary axis level (Fauser and Devroey, 2003) . In addition, recent reports have suggested that the neonatal outcome of singletons born after embryo cryopreservation was better than those born after fresh embryo transfer (Shih et al., 2008; Veleva et al., 2009; Pinborg et al., 2010) . Although the reason for the better outcome after cryopreservation is not known, Figure 8 Quantitative real-time PCR validation of 14 DEGs between blastocysts derived from superovulated heifers (Sup) and those derived from unstimulated heifers (Uns) as identified by microarray analysis. Asterisk indicates significant differences (P , 0.05) between Sup group (white bar) and Uns group (black bar).
Ovarian stimulation and embryo gene expression adverse effects of hormone stimulation in fresh cycles is one of the mechanisms which have been put forward (reviewed by Wennerholm et al., 2009) .
Elevated concentrations of circulating progesterone in the immediate post-conception period have been associated with an advancement of conceptus elongation (Garrett et al., 1988; Satterfield et al., 2006; Carter et al., 2008) , an associated increase in interferon-tau production and higher pregnancy rates in cattle (Mann and Lamming, 2001; Inskeep, 2004; Stronge et al., 2005; McNeill et al., 2006) and sheep (Ashworth et al., 1989; Satterfield et al., 2006) . This effect is likely a result of downstream effects of well-described progesterone-induced changes in gene expression in the tissues of the uterus (Bauersachs et al., 2006; Satterfield et al., 2006; Forde et al., 2009) resulting in changes in composition of the histotroph to which the developing embryo is exposed. Our previous data would suggest that elevated progesterone does not influence the proportion of oocytes reaching the blastocyst stage (Carter et al., 2008; Clemente et al., 2009) . Furthermore, we have more recently shown that elevating progesterone concentrations in vivo, within physiological ranges, by inserting an intravaginal progesterone-releasing device on Day 3 does not alter the blastocyst developmental rates but does lead to subtle changes in blastocyst gene expression . Here, we build on these observations and describe significant changes in the global transcriptome of bovine blastocysts, induced by the supraphysiological progesterone concentrations associated with ovulation induction.
The potential implications of circulating progesterone on the composition of oviduct and uterine fluid are interesting but data on the composition of these fluids are sparse. Hugentobler et al. (2007 Hugentobler et al. ( , 2008 tobler et al., 2010) characterized the effects of changes in systemic progesterone on amino acid, ion and energy substrate composition of oviduct and uterine fluids on Days 3 and 6, respectively, of the estrous cycle. Infusion of progesterone had no effect on the oviduct fluid secretion rate; however, the uterine fluid secretion rate was lowered. Progesterone increased uterine glucose, decreased oviduct sulfate and, to a lesser extent, oviduct sodium but had no effect on any of the ions measured in the uterus. The most marked effect of progesterone was on oviductal amino acid concentrations with a 2-fold increase in glycine, whereas in the uterus, only valine was increased. These data provide evidence of progesterone regulation of oviduct amino acid concentrations in cattle; whereas the effect of ovulation induction on oviduct fluid composition has not, to our knowledge, been reported, such changes may partly explain the differences in embryo development and gene expression observed in the current study. The number of embryos in the oviducts of unstimulated and stimulated animals in this study was different. This is an unavoidable consequence of the inherent individual variability in response associated with superstimulation treatments. Although, in theory, this may have affected development, our previous studies in sheep (Enright et al., 2000; Rizos et al., 2002) and cattle (Tesfaye et al., 2007; Rizos et al., 2010) strongly suggest that there is a wide range in the number of embryos that can be successfully developed in the oviduct (up to 100 embryos) without a deleterious effect on blastocyst development. The greater proportion of morula than blastocysts flushed from the superovulated heifers at Day 7 compared with unstimulated heifers, most likely results from a negative effect of hormonal stimulation on the embryo developmental rate. In support of this fact, several studies have shown a delay in the embryo developmental rate under ovulation induction conditions in mice ( Van der Auwera et al., 1999; Ertzeid and Storeng, 2001; Van der Auwera and D'Hooghe, 2001) . Likewise, embryos from superovulated hamsters had significantly reduced mean cell numbers and lower viability than controls (McKiernan and Bavister, 1998) . The reasons for the developmental retardation, loss of developmental competence and low quality of embryos from superovulated donors are still unknown.
Understanding changes in the molecular profile of embryos developing in different oviductal/uterine environments could help to clarify the reasons for the developmental retardation and loss of developmental competence of embryos under ovulation induction conditions. To our knowledge, this is the first study to investigate differences in gene expression between bovine blastocysts produced in vivo in superovulated versus unstimulated conditions. The 'quiet embryo hypothesis' put forward by Leese (2002) proposed that viable embryos have a 'quieter' metabolism than those with less viability. This quiet metabolism represents the basal turnover required for normal cellular and developmental processes. This quietness can be lost in response to environmental stress (Leese et al. 2007 in which less viable embryos have more molecular/cellular damage or are less well equipped at the transcriptome and proteome levels to cope with damage present. Damaged cells may carry out repair and/or resort to rescue strategies or undergo apoptosis with the consumption of a greater quantity of nutrients, reflected as a more 'active' metabolism, and consequently, cells will expend energy to repair damage as part of normal 'housekeeping' processes. In agreement with this hypothesis, we found that the majority of the DEGs were up-regulated in blastocysts which developed under ovulation induction conditions. Functional grouping of the DEGs using IPA indicated a number of distinct differences between the two groups of blastocysts (Fig. 4) . A larger proportion of genes which were overexpressed in the blastocysts derived from superovulated heifers were involved in metabolic processes, including cellular metabolic process, macromolecule metabolic process, protein metabolic process and RNA metabolic process. Our findings also reveal progressive up-regulation of different genes involved in protein synthesis and cellular growth and proliferation processes.
The increase in metabolic processes as the preimplantation embryo develops to more advanced stages has been associated with the increase in energy demand for the initiation of the processes of compaction and blastocyst formation (Thompson et al., 1996; Harvey et al., 2004) . Like most mammalian cells, preimplantation embryos derive ATP predominantly by oxidative phosphorylation, initially from pyruvate, lactate and amino acids (Leese, 1995) . Based on our data, oxidative phosphorylation was the main pathway and all the DEGs which mapped to this pathway were overexpressed in the blastocysts derived from superovulated heifers (Table V) . These genes can be classified into four main categories representing four of the five protein complexes involved in the pathway: NADH dehydrogenase, cytochrome c reductase and cytochrome c oxidase, which are members of electron transport chain complexes, and ATP synthase which is the enzyme complex that carries out the oxidative phosphorylation reaction (Fig. 6) . Bovine pre-elongation embryos are highly dependent on oxidative phosphorylation as the primary energy production pathway (ATP-generating pathway): this is particularly true during pre-compaction development, during which it is estimated that 90% of all ATP is derived from oxidation (Thompson et al., 1996) . During compaction and blastulation, the demand for ATP increases during an increase in protein synthesis (Thompson et al., 1998) . The increased demand for ATP causes increases in consumption of the major substrates, including oxygen, pyruvate and glucose (Thompson et al., 1996) . There is evidence that the O 2 tension of the reproductive tract decreases as the embryo passes from the oviduct to the uterine cavity (Fischer and Bavister, 1993) and subsequently there is a shift in the metabolic pathway preference for embryonic ATP production from oxidative phosphorylation to glycolysis, to correspond with development within the uterus, an environment with limited O 2 availability. This shift in the metabolic pathway has been reported in human (Gott et al., 1990) and rat (Brison and Leese, 1991) embryos. Partial down-regulation of mitochondrial ATP production via oxidative phosphorylation during the compaction and blastulation stages improves in vitro development of bovine embryos (Thompson et al., 2000) . This may indicate that bovine embryos produced in vivo tend to shift the metabolic pathway, as in human and rat embryos, during compaction and blastulation stages in response to the low O 2 tension in the reproductive tract. However, under the abnormal endocrine environment associated with ovulation induction, as reported in this study, the oxidative phosphorylation pathway was the main metabolic pathway in blastocyst stage embryos. This supports the notion that embryos developing in a superovulated environment need more ATP to reach the blastocyst stage and any shift in the metabolic pathway will not provide the required energy.
Protein synthesis processes, including transcription and translation, appear to be one of the main biological processes which are overexpressed in the blastocysts derived from superovulated heifers. One of the main regulatory molecules, which is derived from ATP and plays an important role in intracellular signal transduction and the induction of transcription of many eukaryotic genes, is cAMP (Roesler et al., 1988) . The downstream actions of cAMP are dependent on its binding to cAMP-dependent protein kinase A (PKA) which mediates the intracellular actions of cAMP via phosphorylation of specific target proteins (Büchler et al., 1988) . In humans and mice, there are four regulatory subunit genes: PRKAR1A, PRKAR1B, PRKAR2A and PRKAR2B. Of the four regulatory subunits, PRKAR1A was found to be the most highly and ubiquitously expressed (Amieux et al., 2002) . In our study, we found that PRKAR1A was highly abundant in the blastocysts derived from superovulated heifers. Moreover, one of the networks generated by IPA showed the involvement of FSH and LH in the expression of PRKAR1A (Fig. 7) . In the same network, the protein -protein interaction showed a direct relationship between PRKAR1A and UQCRB. UQCRB, which is member of the ubiquinol -cytochrome c reductase complex in the oxidative phosphorylation pathway. This may explain the indirect relationship between ovulation induction hormone treatment, and the higher abundance of genes involved in the oxidative phosphorylation pathway.
A significant elevation of two heat shock protein transcripts (HSPA14 and HSPE1) was noted in blastocysts produced under ovulation induction conditions. Heat shock proteins play a protective role within a cell, also exerting antiapoptotic actions (Betts and King, 2001) , and they also act as molecular chaperones and prevent from protein degradation (Levy, 2001) . As expression of the heat shock proteins is induced by stress factors, the transcript level reflects both cell response and stress intensity (Neuer et al., 2000) . The higher expression of HSPA14 and HSPE1 in blastocysts derived from superovulated heifers may indicate that the oviductal environment under ovulation induction conditions provided some stress factors to the preimplantation embryos. This stress is may be related to an increase in the expression of genes related to metabolic processes, protein synthesis and ATP production to face the developmental delay which is abnormal when compared with embryos produced under normal conditions. In addition, as byproducts of oxidative phosphorylation, reactive oxygen species resulting from in situ leakage from the mitochondrial electron transport chain are stress factors which can damage cellular components including nucleic acids, proteins and membranes (Burton et al., 2003) .
In conclusion, the present study demonstrated the differences in transcriptome profile of the blastocysts cultured under different oviductal/uterine conditions, either in superovulated heifers until Day 7 or in unstimulated heifers from the 2-4-cell stage onward. Embryo development under the supra-physiological progesterone concentrations, which are associated with ovulation induction, was slower compared with that in the unstimulated reproductive tract. Microarray analysis revealed that embryos developing to the blastocyst stage in superovulated heifers showed significant up-regulation for most of the DEGs which are involved in metabolic processes, protein synthesis and energy production via the oxidative phosphorylation pathway.
